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DNA replication: Partners in the Okazaki two-step
Stuart A. MacNeill
The correct processing of Okazaki fragments during
lagging-strand DNA replication has a vital role in
maintaining genome integrity. Recent findings suggest
that, in eukaryotes, the processing of Okazaki
fragments occurs by a two-step mechanism governed by
the single-stranded DNA binding factor RPA.
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In eukaryotic cells, DNA replication is initiated at multiple
origins internal to each chromosome and proceeds bidirec-
tionally from each origin into the flanking DNA. As the
replication machinery moves along the DNA, the synthesis
of both new strands occurs essentially simultaneously. To
achieve this, replication is semi-discontinuous: the leading
strand is synthesised continuously, from a single initiation
event at the replication origin, whereas the lagging strand is
synthesised as a series of discrete Okazaki fragments, each
around 100–150 bases in length [1]. The completion of
lagging-strand synthesis requires that these fragments are
correctly processed before being joined to form a continu-
ous DNA strand. Two recent papers [2,3] have provided
insights into the likely mechanism of this processing.
In order to appreciate the importance of Okazaki fragment
maturation, it is first necessary to understand how Okazaki
fragments are synthesised. Figure 1 summarises our
current understanding of these events, based largely on
studies of SV40 viral DNA replication in vitro using
mammalian cell proteins [1]. Synthesis can be considered
as occurring in three distinct phases involving two differ-
ent polymerase complexes: DNA polymerase α–primase
(Pol α–primase) and DNA polymerase δ (Pol δ). Replica-
tion begins when primase synthesises an RNA primer
around 8–12 nucleotides in length; this is then extended
by a further 20–30 nucleotides by Pol α.
The Pol α–primase complex is then displaced from the
RNA–DNA primer by the clamp loader replication factor C
(RF-C), which in turn loads the sliding clamp PCNA onto
the DNA. PCNA is a toroidal trimer which encircles duplex
DNA and acts as a processivity factor for Pol δ. Once PCNA
has been loaded, Pol δ assembles with RF-C and PCNA
into its holoenzyme form and processive synthesis begins
(see Figure 1). Synthesis then continues at least until the 5′
end of the previous Okazaki fragment is reached, at which
point Okazaki fragment processing occurs to join the newly
synthesised fragment to the lengthening lagging strand [1].
At first sight, the processing of Okazaki fragments might
appear to require only that the short RNA segment is
removed and replaced with DNA. However, the situation
is more complex than that. Although the catalytic subunits
of Pol α and Pol δ are descended from a common ancestral
polymerase likely to have been capable of proofreading,
Pol α no longer has this activity. As a result, the short
stretch of Pol α-synthesised DNA adjacent to the RNA
primer may contain misincorporated bases which are
potentially mutagenic and must be removed, preferably by
a mechanism that avoids the needless re-synthesis of long
stretches of DNA originally synthesised by Pol δ. In their
latest paper [3], Seo and co-workers propose a two-step
model for Okazaki fragment processing that features two
endonucleases, Dna2 and Fen-1, which act in such a way
as to ensure the removal of both the RNA primer and the
Pol α-synthesised DNA.
Figure 1
A diagrammatic representation of Okazaki fragment synthesis in
eukaryotes. Synthesis begins (step 1) with the synthesis of an 8–12
nucleotide RNA primer (drawn in red) by the primase component of the Pol
α–primase complex. This is then extended by a further 20–30 nucleotides
(indicated in blue) by Pol α (2), at which point the Pol α–primase is
displaced by the clamp loader RF-C (3). RF-C then loads PCNA onto the
DNA (4). This is followed by assembly of the Pol δ holoenzyme (5) and
processive synthesis (6). See text and [1] for further details.
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Much of what is known of the mechanics of Okazaki
fragment processing comes from in vitro studies using
purified mammalian proteins. In the SV40 system, for
example, the processing of nascent Okazaki fragments can
be carried out by the nucleases Fen-1 and RNAseH1 [1].
In budding yeast, however, neither RNaseH1 nor Fen-1 is
essential for cell viability; double mutants lacking both
RNaseH1 and Fen-1 are also viable [4,5]. These results
strongly suggest the existence of a third enzyme capable of
Okazaki fragment processing. Recent work suggests that
this enzyme is Dna2 [2,3, 6–10].
Dna2 is a multifunctional protein that was first identified in
budding yeast, in a screen for temperature-sensitive mutants
that were defective in DNA replication in vitro [6–9]. Protein
sequence analysis revealed that the Dna2 protein has
sequence motifs characteristic of DNA helicases, and subse-
quent work confirmed that the Dna2 protein does indeed
have weak 5′→3′ DNA helicase activity [10]. But whilst
Dna2 function is essential for cell viability, Dna2 helicase
activity is not: cells expressing helicase-dead Dna2 proteins
are still viable, at least under conditions of slow growth [11].
An explanation for this result came with the discovery that,
in addition to its DNA helicase activity, Dna2 also has
intrinsic endonuclease activity [10], and more sophisticated
sequence analysis showed that Dna2 has a nuclease domain
related to that of the RecB nuclease family [12]. Mutations
in this domain abolish Dna2 nuclease activity in vitro and,
significantly, also abolish Dna2 function in vivo [13,14].
Thus it is the nuclease activity of the Dna2 protein, rather
than its helicase activity, which is essential for cell viability.
But what is the function of the nuclease?
Using purified yeast Dna2 protein and artificial Okazaki
fragment-like flap substrates, Seo and colleagues showed
that the endonucleolytic activity of Dna2 is specific for
single-stranded DNA [10], and is markedly stimulated by
the presence of an RNA segment at the 5′ end of the
single-stranded DNA [2]. Under these circumstances,
however, cleavage always occurred within the single-
stranded DNA, thereby ensuring complete removal of the
RNA segment [2]. Furthermore, cleavage was dependent
upon displacement of the substrate RNA–DNA strand
brought about by DNA polymerase δ. Dna2 therefore
appears ideally suited to a role in Okazaki fragment
processing, leading Bae and Seo [2] to propose a model in
which Dna2 is responsible for cleavage of the displaced 5′
RNA–DNA flap. In this model, the final processing of the
shortened flap — the product of Dna2 cleavage — is
suggested to be the work of Fen-1.
The origins of the latest report from the Seo lab [2] lie in
the isolation of RFA2 as a multi-copy suppressor of a
temperature-sensitive dna2 mutation [3]. RFA2 encodes the
32 kDa middle subunit of the eukaryotic single-stranded
DNA binding factor RPA, but it turns out that increased
expression of any of the three RPA subunits is sufficient to
rescue the dna2 mutant in question (increased expression
of any one of the RFA genes may induce heightened
expression of the other two). This finding prompted Seo
and co-workers [3] to investigate whether RPA might influ-
ence Dna2 activity in vitro. The results of these experi-
ments were striking: in the presence of Pol δ holoenzyme,
cleavage by Dna2 of the displaced 5′ RNA–DNA flap
structure was greatly stimulated by RPA. Further investiga-
tions showed that binding of RPA to the displaced 5′ flap
leads to the recruitment of Dna2 and the formation of an
RPA–Dna2–DNA ternary complex as an intermediate in
the processing pathway. Following Dna2 cleavage of the
flap DNA, this complex disassembles, leaving a shortened
flap that varies in size from 5–7 nucleotides [3]. 
Could this shortened flap, the product of Dna2 cleavage,
be a substrate for Fen-1? The answer to this question is
yes: Fen-1 can indeed process the shortened flap to
completion, with the result that what remains is duplex
DNA with a single nick that is sealable by DNA ligase I.
Significantly, Bae et al. [3] also showed that the binding of
RPA to the 5′ single-stranded DNA tail inhibits cleavage
of the longer flap by Fen-1, suggesting that RPA dissocia-
tion from the single-stranded DNA tail following Dna2
cleavage is a prerequisite for Fen-1 action [3]. 
The model proposed by Seo and colleagues [3] is
illustrated in Figure 2 and can be summarised as follows.
On reaching the 5′ end of the previous Okazaki fragment,
the Pol δ holoenzyme begins displacement synthesis.
Once the displaced flap reaches a certain size, at around
30–35 nucleotides, sufficient single-stranded DNA is
available to form a binding site for RPA. It is not clear
whether displacement synthesis is halted at this stage, but
it is tempting to speculate that the binding of RPA to the
displaced flap may limit excessive displacement synthesis,
perhaps through direct interactions between RPA and
Pol δ. RPA then recruits Dna2, which cleaves the flap,
leaving only 5–7 nucleotides. At this stage, RPA and Dna2
are released to allow their recycling, suggesting that flap
cleavage by Dna2 destabilises the RPA binding site. Fen-1
is then able to access the residual flap structure and
remove it, leaving duplex DNA with a single nick that can
be sealed by DNA ligase [2,3].
In addition to providing insights into the enzymology of
Okazaki fragment maturation, the Seo model also offers a
simple explanation to the question of how the cell ensures
the fidelity of lagging-strand replication. Recall that the
first twenty or so DNA nucleotides of a nascent Okazaki
fragment are laid down by Pol α, an enzyme which lacks
proofreading activity (Figure 1). Errors made by Pol α, if
carried through to the finished product, would be
mutagenic, with potentially serious consequences for cell
viability. But as RPA binding is a prerequisite for flap pro-
cessing by Dna2, processing will not occur until the dis-
placed RNA–DNA flap reaches the minimum size for
RPA binding. Provided that the 3′ limit of the displaced
DNA flap extends up to or beyond the 3′ limit of the Pol α
synthesised DNA segment, then complete removal of the
Pol α-synthesised DNA is guaranteed (Figure 2).
While the role of the Dna2 endonuclease in Okazaki
fragment maturation is clear, the function, if any, of the heli-
case activity remains a mystery. The simplest possibility is
that the helicase plays a role in unwinding duplex DNA at
or near the site of endonuclease cleavage but, as discussed
above, cells expressing mutant Dna2 proteins lacking
helicase activity are viable [11], so an activity of this type is
clearly not absolutely essential for correct processing. It is
also unclear why the Fen-1 nuclease is not required for cell
viability. Presumably other nucleases can substitute for
Fen-1 in removing the shortened flap that remains follow-
ing Dna2 cleavage, but the identities of these enzymes,
and the extent of their contribution to Okazaki fragment
processing during a normal S phase, have not been defini-
tively established. Further investigation of these issues will
no doubt prove highly informative.
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Figure 2
The Seo lab model for the processing of Okazaki fragments in
eukaryotes [2,3]. When the Pol δ holoenzyme reaches the 5′ end of 
the previous Okazaki fragment (step 1), displacement synthesis occurs 
(step 2) until the displaced single-stranded DNA region is long enough
to support binding of RPA (step 3). Notice that the displaced segment
includes both the RNA synthesised by primase and the DNA
synthesised by Pol α (drawn in red and blue respectively, see also
Figure 1). RPA then recruits Dna2, which cleaves the flap just 3′ to the
end of the Pol α synthesised DNA (step 4, the arrowhead indicates the
cleavage site). Following dissociation of RPA and Dna2, Fen-1 cleaves
the remaining 5–7 nucleotide flap (step 5, the arrowhead indicates the
cleavage site), leaving a nicked duplex that can be sealed by DNA
ligase I (step 6). See text and [2,3] for further details.
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